Chemical contamination of drinking water sources is a worldwide problem. However, few locally managed, sustainable, and low-cost on-site treatment technologies are available in rural, remote, and emergency/disaster relief/humanitarian crisis situations. Char filter-adsorbers have been used to treat drinking water for thousands of years and are still widely used today. Our studies show that some chars produced by traditional means from a range of feedstocks develop favorable sorption properties for uptake of 2,4-dichlorophenoxyacetic acid (2,4-D), a prevalent herbicide and water contaminant. However, more energy efficient, environmentally sustainable and scalable production of consistent highly sorptive chars can be accomplished with biomass gasification. Our laboratory studies demonstrate that locally produced char adsorbents derived from surplus agricultural and forestry biomass are effective for adsorbing 2,4-D. A year-long study of field-scale application of chars in Thailand is also presented. Based on these studies we present design recommendations for integrating char adsorbers into low-cost, multi-barrier treatment trains for on-site water provision.
INTRODUCTION AND BACKGROUND
The objectives of this paper are to demonstrate that synthetic organic compounds (SOCs) such as pesticides are a substantial, though often overlooked, impairment to drinking water safety in developing communities, and to present an overview of the development of local and sustainable treatment options using biomass char adsorbents. We utilize our experiences in Thailand to demonstrate the SOC occurrence problem, to illustrate traditional and improved char production, and to present a case study of char application for drinking water treatment. In the second section of this paper, results of batch-mode herbicide uptake studies are presented that quantify the adsorption capacity of chars produced with both traditional kiln and contemporary gasifier technologies from a variety of biomass precursors (feedstocks). Based on these studies, a conservative approach to the design and integration of char adsorber units in decentralized, locally managed water treatment trains is presented, as are the results of more than one year of monitoring data for a multi-barrier treatment system serving a small Thai farm community. A recent review in 'Science' (Schwarzenbach et al. ) indicates that the 300 million tonnes of SOCs produced annually, including 5 million tonnes of pesticides, constitute a major impairment to water quality on a global scale. The report highlights particular challenges in developing countries, including the overuse of pesticides, prevalent ignorance of relevant environmental and health hazards, and widespread unauthorized use of 'black market' chemicals. In South and South-East Asia, for example, around three-quarters of the pesticides used are banned or heavily restricted in the West due to deleterious ecological and human health effects (PANNA ). The 'Science' authors specify that 'small-scale, household-based removal techniques are often the only possible mitigation strategy due to the lack of a centralized infrastructure', and call for the development of 'reliable, affordable, and simple systems that local inhabitants could use with little training'. Microbial pathogens present an acute threat to human health, and focus on these disease agents is therefore warranted. However, the chronic threat of bio-accumulating and acutely toxic chemicals such as pesticides should not be discounted. The immediacy and scale of this problem is illustrated by a survey of 'Hmong' tribe women living in Mae Sa Mai village in the Thailand-Burma border region that reported detection of DDT and its major metabolites in 100% of mothers' milk samples. A number of other biocides (e.g. hexachlorocyclohexane, hexachlorobenzene)
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were also frequently detected, and infants' exposure to DDT, heptachlor and heptachlor epoxide exceeded by up to 20 times the acceptable daily intakes as recommended by UN-FAO and WHO (Steutz et al. ) .
Pesticide use and occurrence in Thailand Panuwet et al. () report that Thailand has experienced a fourfold increase in pesticide use over the last decade with nearly 120,000 tonnes of active ingredients imported in 2010. Herbicides make up the largest proportion of pesticide imports at over 80,000 tonnes in 2010. The most commonly imported pesticides, constituting ∼75% of the total imported herbicides, insecticides, and fungicides, are listed in Table 1 along with their potential human health effects.
Currently, over 20,000 unique pesticide formulations are sold in Thailand and there are over 26,000 retailers who are licensed to directly sell pesticides without restriction to any buyers or farmers as long as the products are legal to sell (Panuwet et al. ) . However, many more unlicensed pesticide retailers exist. Because of the large number of unlicensed retailers there are widespread sales of unregistered and prohibited pesticides. At present, 98 pesticides are prohibited in Thailand; however, enforcement of restrictions is weak, and according to Panuwet et al. () numerous reports have shown widespread use of banned chemicals throughout the country. Banned substances are illegally stocked by insufficiently policed vendors and continue to be smuggled into the country. Panuwet et al. (2012) , Pliangbangchang et al. (2009), and Thapinta & Hudak (2000) 
Char production from kilns and gasifiers
Herein the non-specific term 'char' is used for simplicity.
Related terms include 'biochar', which refers to the practice of applying biomass-derived char to agricultural soils in order to improve crop yields and sequester atmospheric carbon, as well as 'charcoal', which refers to biomassderived char used as cooking fuel.
Chars can be produced using a range of pyrolysis systems including retorts, traditional kilns and gasifiers (Antal & Gronli ) . Traditional kiln systems are used to produce charcoals from woody feedstocks, typically for use as cooking fuel (Foley  
Sorption with char
Char filter-adsorbers have been used to treat drinking water While results from prior studies suggest that that the release of adsorbed SOCs from GAC and native PAHs from char may not be a major concern, the rate and extent of back-diffusion of SOCs from char needs to be established in future work. Such information is important for both the use phase of char in char adsorbers and the subsequent disposal phase. Spent chars may pose a problem and should be isolated from direct contact with surface and ground water. One isolation approach would be burial in a clay-lined pit above the local water table.
While current research indicates slow desorption, further research is necessary to identify alternatives and develop best practices for spent char disposal.
UPTAKE CAPACITY OF CHARS FOR 2,4-D
The principal objective of the laboratory and field studies detailed here and below is to demonstrate the applicability of locally generated chars for small-scale decentralized water treatment. The goals of the bench-scale experiments described in this section were to: (1) compare the 2,4-D adsorption capacity between chars produced with both traditional kiln and contemporary gasifier technologies from a variety of biomass precursors (feedstocks); and (2) identify production conditions that yield char sorbents effective for SOC removal from drinking water sources. 
INTEGRATING CHAR INTO MULTI-BARRIER WATER TREATMENT SYSTEMS
The objectives of the field study were to illustrate the integration of a char adsorption unit into a multi-barrier treatment train, to estimate char bed life from bench-scale data, and to demonstrate the effectiveness of a char bed for organic matter removal. Based on the results presented in the previous section, a conservative approach to the design and integration of char adsorber units in decentralized, locally managed water treatment trains is presented here along with case study results comprising more than one year of monitoring data for a multi-barrier treatment system serving a small farm community in South-East Asia.
Treatment system designs
Our work with village and migrant communities in SouthEast Asia has produced designs that integrate chars into low-cost, multi-barrier treatment trains for decentralized and emergency drinking water provision. These systems remove both biological and chemical contaminants, are implemented using common local materials and tools, and can be constructed to operate by gravity flow. A sequence of an up-flow gravel roughing filter followed by a down-flow biologically active sand filter and then a down-flow char adsorber are used as illustrated in Figure 2 .
The roughing filter removes turbidity and some dissolved compounds that sorb to the particle and media surfaces.
The biologically active sand filter removes microorganisms A thorough rendition of effluent microbial quality assurance measures is beyond the scope of this document.
Herein, we restrict our discussion to SOCs and recommend the reader to follow current best practices for microbiological monitoring and assessment (WHO ).
Bio-sand filters can also remove some chemical compounds by biodegradation (Zearley & Summers ).
The char adsorber, in addition to sorbing SOCs, also develops attached biomass, which can extend the treatment of biodegradable compounds.
Two throughput scales have been developed: 300 and 2,000 L/day. Their construction and operation are described in open-access handbooks (Aqueous Solutions, www.aqsolutions.org). The 300 L/day system is portable and thus suitable for emergency/disaster relief circumstances, and for households and communities in very remote areas. Containment is provided by four surplus 200 L HDPE (high density polyethylene) drums (note that HDPE does not contain bisphenol-A). Empty drums weigh less than 10 kg and can be readily transported (even carried into remote communities on foot), connected with a small number of PVC fittings, and installed using media generated on-site and acquired nearby. The system costs less than US$125 to construct (local prices in South-East Asia), can be assembled with minimal hand tools and requires only periodic maintenance of the bio-sand filter ('filter harrowing') and char replacement once per year, as illustrated below. The nominal empty bed contact time (EBCT) for this system with a 70 L bed volume is 5.6 h at the design flow rate of 300 L/day.
The 2,000 L/day system is a more permanent installation meant to provide long-term service to established communities such as small farming villages, schools and children's homes with access to sufficient building materials for tank construction (e.g. concrete, or prefabricated plastic or metal tanks). The char bed volume is 800 L, which yields an EBCT of 9.6 h at the design flow rate. It costs around US$500 to construct (at South-East Asia prices), and also requires periodic maintenance of the bio-sand filter along with char replacement every 2-3 years.
In the treatment system design presented here (Figure 2 Water samples were collected after each treatment step, filtered through pre-fired glass fiber membranes (1.2 μm, Whatman GF/C) to remove particulates, and analyzed using a field UVA 254 spectrophotometer (RealTech P200) with a 10 mm path length. Dissolved iron was from the bio-sand filter. Also in early January a flowmeter was installed on the system to monitor throughput; since this time average throughput has been 984 L/day (260 gallons/day), standard deviation 220 L/day (58 gallons/day).
The throughput scale based on BV of the char adsorber in Figure 2 is an approximation based on an average EBCT of 9.6 h.
Zone III
Near the end of January 2012 the source water was changed back to the farm pond, resulting in increased DOM concentrations in the system influent. The gravel and bio-sand filters each achieved 20-25% removal. During this time DOM output from the char adsorber rose slowly, from nearly 100% removal to ∼75% removal over a four-month period.
Zone IV
Late May/early June 2012 marked the onset of the monsoon season, greatly increasing the input and variability of dissolved and particulate matter to the water system. The source water was still taken from the farm pond, although raw water UVA 254 was not measured during this period.
The char adsorber output of DOM continued to rise modestly over this period, from ∼75% removal to ∼50% removal during a four-month timespan. breakthrough. These data will be used to further refine methods for scaling between laboratory SOC sorption studies and full-scale adsorber performance in the field.
SUMMARY, CONCLUSIONS, AND FUTURE DIRECTIONS
In this paper we have indicated that assaults to human health by synthetic chemical water contaminants, such as pesticides, are an inadequately addressed challenge in sustainable community development and emergency/disaster relief circumstances. We have presented a viable low-cost option to address this challenge that builds upon an ancient, traditional method of water treatment by establishing conservative parameters wherein char treatment can be effective for mitigating harms induced by the global proliferation of modern industrial toxins in the environment. We have advanced a low-cost contemporary variation on traditional char production that is less labor intensive, far less polluting, makes use of a wide array of sustainably derived agricultural and forestry by-products, and generates a more consistent and effective sorbent for decentralized water treatment applications. Results showed that the 2,4-D uptake capacity of char increased with increasing pyrolysis temperature, whereas the biomass feedstocks from which chars were prepared played a subordinate role. We have outlined a prototype multi-barrier drinking water system at two throughput scales and provided a robust field monitoring study encompassing annual seasonal variability in source water quality. The field study showed that after a period of one year (425 BV), the char adsorber was (30 μg/L). Our ongoing efforts will continue the field monitoring study over multiple annual cycles. We also are continuing to refine our understanding of pollutant sorption phenomena by charcoal and biochar materials under laboratory conditions. This work will advance development agencies' goals to provide safe drinking water through the optimization of char adsorber units and their integration with real world decentralized water treatment system design and operation.
